This study was undertaken to supply data on both priority pollutant (PP) occurrence and concentrations in combined sewer overflows (CSOs). A single rain event was studied on 13 sites within the Paris sewer network. For each sample, a total of 66 substances, including metals, polycyclic aromatic hydrocarbons (PAHs), pesticides, organotins, volatile organic compounds, chlorobenzenes, phthalates and alkylphenols were analyzed. Of the 66 compounds analyzed in all, 40 PPs including 12 priority hazardous substances were detected in CSOs. As expected, most metals were present in all samples, reflecting their ubiquitous nature. Chlorobenzenes and most pesticides were never quantified above the limit of quantification, while the majority of the other organic pollutants, except DEHP (median concentration: 22 mg.l À1 ), were found to lie in the mg.l À1 range. For the particular rain event studied, the pollutant loads discharged by CSOs were evaluated and then compared to pollutant loads conveyed by the Seine River. Under the hydraulic conditions considered and according to the estimations performed, this comparison suggests that CSOs are potentially significant local source of metals, PAHs and DEHP. Depending on the substance, the ratio between the CSO and Seine River loads varied from 0.5 to 26, underscoring the important local impact of CSOs at the scale of this storm for most pollutants.
INTRODUCTION
The European Commission's control policy strategy to combat surface water pollution was set forth in the European Water Framework Directive 2000/60/EC (WFD), which adopts new procedures for identifying substances and developing control measures. Following European Parliament and Council decision n12455/2001/EC on November 20, 2001 defining the first list of 33 substances or groups of substances designated for priority action, the European Commission issued a Directive on July 17, 2006 establishing environmental quality standards for these priority substances, to be achieved by Member States no later than 2015, in order to ensure a "good chemical status". Prior to fulfilling this objective through identifying suitable reduction measures, an accurate knowledge of priority pollutants (PP) is needed at the various stages of the urban water cycle.
Even though the magnitude of combined sewer overflow (CSO) pollution and its acute impact on receiving waters have been widely demonstrated (Chebbo & Saget 1995; Eganhouse & Sherblom 2001 , Even et al. 2007 , the release of priority pollutants from combined sewer systems has until now drawn very little attention. Regarding these priority pollutants, most studies available in the literature actually focus on the occurrence and significance of PPs in wastewater and/or wastewater treatment plant effluent (Palmquist & Hanaeus 2005; Rule et al. 2006a, b) . Due to the lack of available information on the occurrence and fate of organic pollutants in combined sewer systems and on the potential impacts to receiving waters, the Municipality of Paris with support from the Seine-Normandy Water Agency initiated this study. Designed at the scale of a single major storm event, this study sought first of all to examine the occurrence and concentrations of 66 substances contained in CSOs at various sampling sites within the Paris network. For the rain event considered, the study's second objective consisted of comparing the pollutant loads discharged by CSOs with those conveyed by the Seine River during dry weather periods.
METHODOLOGY
To provide an effective overview of the magnitude of priority pollutants (PP) within the combined sewer network of Paris intra-muros (encompassing 105 km, 2.15 million population), a number of investigations were carried out at 13 sites: 4 upstream and 5 downstream interceptors, plus 4 CSO outfalls (Figure 1 ). These sites represented the largest interceptors and outfalls of the network and were selected so as to qualitatively describe wet weather flows in the Paris combined sewer. During the dry period, daily wastewater volume for the 4 upstream sites (cross-hatched arrows in Figure 1 ) amounted to 37,000 m 3 , i.e. equivalent to approx. 47% of the daily volume entering the Paris sewer network. For the 6 downstream sites (colored arrows), the daily sewage volume reached 770,000 m 3 , corresponding to about 78% of volume exported from the Paris network. All samples were collected using an automatic sampler, thus allowing for a reconstitution of the flow-weighted, event mean sample .
For each sample, a total of 66 compounds including 7 metals (Cd, Cr, Cu, Hg, Ni, Pb and Zn) and 59 organic compounds or classes of compounds (organotins, chlorobenzenes, volatile organic compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs), pesticides, alkylphenols, phthalates, etc.) were investigated (Figure 1 ). Analyses were carried out on the total (dissolved þ particulate) fraction at a laboratory certified by the French Ministry of the Environment, under the aegis of COFRAC (French accreditation committee, http://www.cofrac.fr). The standards applied to these accreditation criteria and procedures comply with the European standards for calibration and testing laboratories; their assessment and accreditation steps were also determined to be compliant.
To summarize, organic pollutants were analyzed by either gas or liquid chromatography coupled with a mass spectrometer (GC-MS and LC-MS) as well as through the use of high-performance liquid chromatography with fluorimetric detection (HPLC-Fluo) for PAHs. Metals were measured by inductively-coupled plasma atomic emission spectroscopy (ICP-AES) and atomic fluorescence spectroscopy (AFS), in accordance with the NF EN ISO 11885 and NF EN 13506 methods.
This paper describes the results obtained for the rain event that took place on September 15 th , 2006. The storm causing the event was relatively major since the mean precipitation recorded was 20.1 mm with a return period in excess of 6 months. The volume discharged into the Seine River by the 4 outfalls studied was measured at around 80,000 m 3 . In considering all CSO outfalls within the Paris Region (45 outfalls within the city limits plus 2 large outfalls supervised by the Interdepartmental Association for Sewage Disposal in the Paris Conurbation -SIAAP), a total of 562,000 m 3 was discharged into the river, corresponding to about 8% of total annual CSO discharge (data for 2006 provided by the Municipality of Paris and SIAAP).
RESULTS AND DISCUSSION

Occurrence and concentrations of priority pollutants (PPs) in CSOs
Regardless of the pollutants under consideration, no significant difference in terms of concentrations was observed either between the upstream and downstream sites or between the various sites and CSO outfalls. The first observation suggests that combined sewer effluent quality is relatively homogeneous throughout the Paris sewer network. While this result had not been previously demonstrated at the scale of Paris, the trend was nonetheless expected since effluents entering the Paris sewer network originate from upstream suburban catchments displaying both population densities and land uses similar to those found in inner Paris.
Of the 66 compounds analyzed, 39 PPs including 12 priority hazardous substances (PHS) were detected in CSOs.
CSO discharges Downstream sites
km
PARIS PARIS
Upstream sites
Gravity flow
Gravity flow
PARIS PARIS intra-muros
Seine River
Seine River intra-muros The total event mean concentration ranges (minimum, median and maximum values), as well as the frequency of occurrence (%) for each molecule, are reported in Table 1 . The complete set of results for all molecules investigated but not necessarily quantified here are available elsewhere .
As expected, metals are predominant in CSOs, thus reflecting their ubiquitous nature. Zn (682 mg.l À1 ), Cu (68 mg.l À1 ) and, to a lesser extent, Pb (39 mg.l À1 ) display higher concentrations, while Cd, Cr and Ni can only be detected on a few occasions (o 23% for Cd and o 10% for Ni and Cr). On the whole, CSO concentrations are higher by a factor of between 2 and 6 in comparison with wastewater ). These differences may be tied to either: i) the high metal concentrations found in runoff, or ii) in-sewer deposit erosion (Gromaire 1998) . The presence of these metals in runoff is precisely known. For street runoff, both vehicles and vehicle leaching constitute the leading contributors to metal loads (Sö rme & Lagerkvist 2002). For roof runoff, the majority of roofs within the Paris city limits are equipped with metallic materials, such as lead fittings and zinc sheets, thereby leading to high metal concentrations (Gromaire 1998; Rocher et al. 2004) .
Depending on the compound, individual PAH concentration varies from o 0.02 to 0.14 mg.l À1 . The main compounds contributing to total load are fluoranthene and chrysene (with contributions of around 20% each). As previously observed for metals, PAH levels in CSOs are higher than those reported for wastewater , as a result of: i) in-sewer erosion during the storm event, and ii) high PAH concentrations in runoff. The PAH patterns characterized by the predominance of heavy PAHs (3-4 benzene rings) and the presence of chrysene and benzo [a] anthracene, which are considered to be combustion process markers, attest to the pyrolytic origins of PAHs (Soclo et al. 2000) . This contamination is certainly correlated with the high density of combustion sources in the Paris metropolitan area, which generates heavy road traffic; consequently, diesel-and gasoline-powered vehicles are responsible for emitting great quantities of PAHs into the environment.
Of the 5 pesticides detected in CSOs (diflufenican, diuron, oxadiazon, propiconazole and terbutryn), diuron was predominant, with a median concentration equal to 1.40 mg.l À1 . The strong presence of diuron was attributed to its extensive use in the city, given that this pesticide accounted for a large share of the total contribution from municipal service organizations (Blanchoud et al. 2007) . Before 2008, diuron was in fact commonly used in road and railway maintenance, municipal uses and private parks, but as of December 2008, this pesticide has been banned. The higher levels of diuron found in CSOs with respect to those observed in raw sewage ) may be attributed to the leaching of urban surfaces by runoff (streets, gutters and pavements) during the storm event, since a large proportion of the diuron applied on impervious surfaces could potentially remobilized during the storm. Most of the other pesticides detected were herbicides used as pre-and/or post-emergent control agents, mainly for grasses and many types of perennial weeds. As for diuron, the leaching of urban surfaces during rainfall events offers the most likely explanation for their presence in wet weather effluent.
Of the 6 VOCs detected in CSOs, benzene is present predominantly around 1 mg.l À1 , while chloroform, trichloroethylene and tetrachloroethylene are detectable in most samples with a median concentration ranging from 1.1 to 3.9 mg.l À1 . The higher CSO concentrations of tetrachloroethylene relative to levels recorded in wastewater may reflect the impact of runoff via surface leaching and/or atmospheric inputs. Recognizing that VOCs easily become airborne in the atmosphere due to their high vapor pressure, the gas-phase washout by rain, which is generally considered as a major mechanism for atmospheric removal, could appear as a leading contributor to VOC loads in combined sewer overflows.
As for the phthalates investigated, diethylhexylphthalate (DEHP) is predominant with concentrations in the 5-188 mg.l À1 range (median: 22 mg.l À1 ). Di-n-butylphthalate (DnBP) is also frequently observed, with concentrations ranging from o 0.10 to 0.68 mg.l À1 (see Table 1 ). High concentrations of phthalates in CSOs and more specifically DEHP, which represents the main plasticizer used in household materials, were expected since high values had been reported in both wastewater ) and runoff (Dargnat et al. 2009 ).
For alkylphenols, octylphenol (OP) was detected in CSOs at concentrations varying between 0.09 and 0.62 mg.l À1 (median: 0.20 mg.l À1 ). These OP concentration ranges appear to be in good agreement with the concentrations reported by Giger et al. (2009) for wastewater. In this study, nonylphenol was also initially investigated but found only at concentrations below 0.03 mg.l À1 . This result is unusual relative to NP and OP distributions (80% NP vs. 20% OP, Ying et al. (2002) ) as well as to levels reported in the literature (Giger et al. 2009 ). Additional investigations demonstrated that in the case of nonylphenol, only a single isomer (but not the isomer mixture) was analyzed; the NP results therefore were not considered. 
CSO pollutant loads and impact on the Seine river
The objective of this section is to compare, at the scale of the considered rain event (occurring on September 15 th , 2006), the pollutant loads discharged by CSOs with those conveyed by the Seine River during the same dry weather period. This set-up corresponds to a worst case scenario since the total volume discharged during the rain event was rather substantial (562,000 m 3 for all CSO outfalls) and moreover the Seine River flow was particularly low (140 m 3 .s À1 , i.e. corresponding to low-water level period). As a first consequence, the CSO contribution to the Seine in volume terms was considerable and reached 28%. According to Kafi et al. (2008) , who suggested that the quality of wet weather flow does not significantly fluctuate within the Paris combined sewer network, the quality of the other Paris CSOs was assumed to be similar to the quality of the 4 CSOs investigated here. In order to establish such a comparison, Seine River loads were estimated on the basis of: i) PP concentrations in the Seine during a 4-h dry weather period (these concentrations were found in the literature: Cailleaud et al. 2007; Teil et al. 2007; Gasperi et al. 2009) ; ii) the river flow rate (140 m 3 .s À1 ); and iii) the storm duration (about 4 hours). The aim of this rough comparison was simply to provide an order of magnitude of the pollutant loads.
The pollutant loads discharged by CSOs and those estimated for the Seine River during a dry period (spanning 4 hours) are illustrated in Figure 2 . According to the estimations performed, CSOs appear to be a significant source of metals, PAHs and DEHP, compared to the Seine pollutant loads (Figure 2 ). The inputs of metals via CSOs are significantly higher than those conveyed by the Seine, as this ratio ranges from 5 to 8 for Cu, Hg and Pb and up to 20 for Zn. These high values underscore the local impact of CSOs on Seine River metal contamination and moreover confirm previous observations by Estebe et al. (1997) . Such a strong influence is correlated with the high metal concentration in CSOs, especially to the large quantities of metals in street and roof runoff. As already mentioned, some 80% of roofs within the Paris city limits have been equipped with metallic materials such as lead fittings and zinc sheets (Gromaire 1998; Rocher et al. 2004) .
For PAHs, a substantial impact from CSO inputs can also be observed. Depending on the compound examined, CSO inputs are between 2 (fluoranthene) and 7 (phenanthrene) times higher than those from the Seine River (Figure 2 ). In addition, CSOs appear to be a significant source of DEHP since CSO inputs exceed those conveyed by the Seine by a factor of about 6. This finding is in accordance with results reported by Welker (2007) , who demonstrated that CSOs are potentially significant source of DEHP in surface waters.
CONCLUSION
The research work reported herein has confirmed that a broad range of PPs is present in combined sewer effluent. Of the 66 elements measured, 40 PPs including 12 priority hazardous substances were observed. As expected, most metals were found in all samples, reflecting their ubiquitous nature. Overall, chlorobenzenes and most pesticides remained entirely below the limit of quantification (varying from 0.01 to 0.06 mg.l À1 ), while most other organic pollutants except DEHP (median concentration: 22 mg.l À1 ) were measured in the mg.l À1 range. For the considered rain event, an evaluation of the CSO and Seine River loads reveals that CSOs are potentially significant local source of metals, PAHs and DEHP, as compared to the pollutant loads conveyed by the Seine. Depending on the substance investigated and at the scale of this particular rain event, the present research has demonstrated that CSO inputs are, for most pollutants, significantly higher than the pollutant loads in the Seine. It should be recalled however that the studied rain event constitutes a worst case scenario (i.e. low river flow and high discharge volume), which may occasionally occur depending on the season (typically in the summer when large discharge volumes are possible during a low-water level period). For now, annual estimations and pollutant mass balances are required to quantitatively assess the contribution of CSOs to Seine River pollutant loads. To achieve this assessment, more data are needed on the occurrence and concentrations of priority substances in both CSOs and Seine River flows.
